Characteristics of convergent boundary zones (CBZs) sampled by the Mobile Integrated Profiling System (MIPS) during the 2002 International H 2 O Project (IHOP_2002) are presented. The MIPS sensors (915-MHz wind profiler, 12-channel microwave profiling radiometer, ceilometer, and surface instrumentation) provide very fine temporal kinematic and thermodynamic profiles of the atmospheric boundary layer and CBZ properties, including enhanced 915-MHz backscatter within the CBZ updraft (equivalent to the radar fine line), a general increase in integrated water vapor within the updrafts of the CBZ, an increase in the convective boundary layer (CBL) depth, and changes in ceilometer backscatter that are typically coincident with arrival of cooler, moister air (the case for density current CBZ).
Introduction
During the International H 2 O Project (IHOP; Weckwerth et al. 2004) , the Mobile Integrated Profiling System (MIPS), other mobile ground-based platforms, and instrumented aircraft acquired comprehensive datasets on convergent boundary zones (CBZs), in support of convective initiation (CI) experiments. About 12 CI missions were conducted during the 7-week field phase. In this paper we describe microscale properties of CBZ using MIPS datasets for three contrasting boundaries, including a slowly moving dryline, a retrograding dryline, and a shallow cold front.
This research is part of a longer-term project entitled the Atmospheric Boundary Identification and Delineation Experiment (ABIDE). The main goal of ABIDE is to develop a comprehensive characterization of the kinematic, thermodynamic, and dynamic properties of CBZ for a wide spectrum of environmental types. Examples of CBZ include fronts, thunderstorm outflow boundaries, gust fronts, drylines, sea breezes, and gravity wave phenomena. These boundaries present a broad range of kinematic and thermodynamic properties, and spatial/temporal scales. A second ABIDE objective is to conduct detailed, multisensor case studies (using the MIPS plus Doppler radar; e.g., Knupp and Karan 2005 , manuscript submitted to Mon. Wea. Rev.) of significant CBZs, and CBZs that produce convective initiation.
Numerous investigations of CBZs have utilized Doppler radar and surface mesonet platforms in various field studies, including the Convective Initiation Downburst Experiment in Colorado (CINDE; Wilson and Schreiber 1986; Wilson et al. 1994) , the Cooperative Oklahoma Profiler Studies (COPS-91) and Verification of the Origins of Rotation in Tornadoes Experiment (VORTEX; Ziegler and Rasmussen 1998; Weiss and Bluestein 2002; Hane et al. 2002; Rasmussen et al. 2000) programs in Oklahoma, and the Convection and Precipitation Electrification Experiment (CaPE; Atkins et al. 1995; Wilson and Megenhardt 1997; Kingsmill and Crook 2003) in Florida. MultipleDoppler radar analyses portray 3D structures of these features, but they lack high accuracy and vertical resolution in retrieved W fields. The reader is referred to Weckwerth and Parsons (2006) for a more thorough review of CBZs and their role in convective initiation.
Direct observations of CBZ vertical structure have been limited to a few vertically pointing Doppler radar (Martner 1997; May 1999; Ralph et al. 1999; Neiman et al. 2001 ) and aircraft measurements (Ziegler and Hane 1993) . While thermodynamic properties within CBZs have been probed with aircraft and surface instrumentation (Hane et al. 2002) , accurate and continuous measurements over the entire CBZ depth and the adjacent atmospheric boundary layer have been limited. The MIPS provides a capability to simultaneously measure CBZ and atmospheric boundary layer (ABL) kinematics and thermodynamics from a fixed point. In particular, very accurate measurements of CBZ updraft profiles are acquired. Such measurements provide a quasitwo-dimensional representation of CBZ properties, with the assumption that the kinematic and thermodynamic fields are stationary during the period when the CBZ translates over the MIPS site.
In this paper we present analyses of MIPS measurements from three cases, two (a cold front on 24 May and a dryline on 19 June 2002) of which are considered in greater detail by other IHOP investigators (Geerts et al. 2006; Murphey et al. 2006; Wakimoto et al. 2006) . A summary of MIPS measurements is presented in section 2. Sections 3-5 present measurements for three contrasting CBZs: a slow advancing dryline, a retrograding dryline, and a shallow cold front. A summary and conclusions follows in section 6.
Observational datasets and methodology

a. Observational platforms
The primary datasets used in this study were obtained by MIPS, which consisted of a 915-MHz boundary layer wind profiler (Radian LAP-3000), a 12-channel microwave profiling radiometer (MPR; Radiometrics TP/WVP-3000), a lidar ceilometer (Vaisala CT25k), a Doppler sodar, and surface instrumentation. Table 1 presents more detailed specifications of each instrument. The MIPS is shown in Fig. 1 during one of the IHOP deployments (18 June) considered in this paper. This was a typical roadside operation in southwest Kansas, free of nearby ground clutter objects such as pivot irrigation systems, fences, and power lines. Because clutter panels were not used on the 915-MHz profiler, great care was taken during IHOP to search for clutter-free sites such as this in order to minimize ground clutter contamination in the lowest range gates.
The basic MIPS measurements are provided in Table  1 . The suite of MIPS instruments provided continuous monitoring of ABL thermodynamic and kinematic FIG. 1. MIPS deployment for a convective initiation experiment on 18 Jun 2002. The MIPS is facing north on a north-south gravel road. This was considered an ideal site far removed from clutter objects such as power lines, wire fences, pivot irrigation systems, and tall, active vegetation (e.g., corn). The MPR directly measures atmospheric microwave emissions around the water vapor absorption band (22-31 GHz, five channels) and the O 2 absorption band (51-59 GHz, seven channels) that are converted to brightness temperatures (T B ). The MPR field of view is 2°-3°at 51-59 GHz and 5°-6°at 22-30 GHz. Vertical profiles of temperature and water vapor density are derived from the T B values using a neural network retrieval scheme described in Solheim et al. (1998) , trained with radiosonde data from Dodge City, Kansas. Integrated values of water vapor and cloud water are determined using the two-channel (23.8, 31.4 GHz) retrieval scheme of Hogg et al. (1983) . The MPR vertical resolution and retrieval accuracy is discussed in Ware et al. (2005, manuscript submitted to J. Appl. Meteor.) . Since vertical resolution scales with height, the best resolution is obtained at low levels. For example, at 2 km AGL the estimated vertical resolution for T and v is about 1.9 and 0.75 km, respectively. Instrument intercomparisons of retrieved temperature and water vapor have indicated that accuracy of microwave radiometer retrieved temperature is about 1 K near surface to 1.5-2.0 K above 2 km. Accuracy of retrieved water vapor was found to be 0.2-0.3 g m Ϫ3 near the surface and 1.0-1.5 g m Ϫ3 between 1 and 2 km AGL (Schroeder 1990; Solheim et al. 1998; Güldner and Spänkuch 2001; Ware et al. 2005, manuscript For convective initiation experiments, the typical strategy was to position the MIPS near the geometric center of the polygon (box or triangle) formed by three or four mobile Doppler radars. In all cases examined herein, the boundary translated over the MIPS while the Doppler radars and airborne instruments monitored airflow and thermodynamic conditions within and around the boundary zone.
b. MIPS observed boundaries
The MIPS deployment locations for all IHOP CI missions are plotted in Fig. 2 . A subset of these missions, in which CBZs passed over the MIPS, is summarized in Table 2 . Measurements were acquired on two cold fronts, two drylines, a gust front, an outflow boundary, and a hybrid gust front/bore boundary. Variations in surface thermodynamic variables prior to and just after boundary passages are based on times of surface wind shifts. The surface wind vector change magnitude, | ⌬V h |, is computed by using representative wind vectors prior to and after boundary passages. An updraft threshold of 1.5 m s Ϫ1 is used to define CBZ updraft duration. Boundary layer heights were determined from a local maximum in 915-MHz profiler SNR, produced by Bragg scatter from mixing of air within the convective boundary layer (CBL) and drier air above the CBL (White et al. 1991; Grimsdell and Angevine 2002) .
The CBZs listed in Table 2 were associated with peak updraft magnitudes of 3 to 8 m s
Ϫ1
, updraft depths of 2-3 km, a maximum in CBL depth and precipitable water (PW) within the CBZ, enhanced ceilometer backscatter within the cooler air mass adjacent to the CBZ, and large variations in surface properties (particularly mixing ratio) within the CBZ.
Clouds were not always present in the CBZs sampled. At one extreme, no clouds accompanied the CBZs on 3 June (a weak cold front) and 18 June (a retrograding dryline). At the other extreme, a cloud field 30 km wide accompanied the gust front/bore hybrid during the evening hours on 21 June. In three of the cases (18, 19, and superimposed on reflectivity images from the WSR-88D located near Goodland (Fig. 3) . The broad (10 km wide) radar fineline, defined by reflectivity factor (Z) in the range of 4-12 dBZ, was moving ESE at a relatively slow speed of 2-3 m s Ϫ1 during the observational period. Consequently, the MIPS remained within the boundary zone for about 30 min. As the dryline boundary passed over the MIPS, initial cumulus clouds formed to the west, and deepened immediately to the south and east, producing precipitation from cells located 20 km south-southwest of the MIPS location by 2122 UTC. This convective initiation occurred about 5 km in advance of the CBZ fine line. A detailed mesoscale analysis around the time of these observations is presented in Murphey et al. (2006) .
a. Boundary layer kinematics
The dryline CBZ sampled between 2030 and 2100 UTC behaved as a transition zone between two boundary layers (Figs. 4a, b) . The CBZ was marked with enhanced SNR at low levels (produced by Rayleigh and Bragg scatter 1 ) and two prominent updrafts between 2030 and 2100 UTC. Assuming a fine line movement speed of 3 m s
Ϫ1
, the line-normal width of the CBZ is estimated at 5-6 km, a value about one-half the Z fine line width in Fig. 3 . The western edge of the dryline was marked with a sharp wind shift and weak flow after 2100 UTC. The CBL depth shows considerable temporal/spatial variability. In the moist air east of the dryline (before 2030 UTC) the depth appears oscillate between 2.3 and 3.2 km, 2 while in the drier air to the west (after 2100 UTC) the CBL depth was about 0.5 km deeper at 2.9-3.5 km (Fig. 4) . The maximum height of the CBL exceeded 3.5 km (and extended above the height coverage of the 915-MHz profiler) within the western portion of the CBZ between 2045 and 2100 UTC. An eastwest line of three dropsondes (not shown), released very close to the MIPS latitude between 2129 and 2135 UTC, corroborate these inferences. The dropsonde at 2122 UTC sampled near the center of the CBZ and revealed a 3.3-km-deep CBL, notably deeper than in the dry air 35 km to the west, or the moist air 35 km to the east. ) within the lowest 2 km. By 2110 UTC, the wind direction below 2 km had veered to a westerly direction, and the wind speed had decreased to 5-7 m s
. Relatively weak signal within the 1.5-3.0-km layer, combined with strong turbulence, produced a rather noisy wind profile in this layer despite the 10-min averaging.
Surface time series during the CBZ passage ( Fig. 6 ) reveal considerably more structure than the averaged winds from the 915-MHz profiler. Between 2030 and 2100, mixing ratio decreased from 9 to 7 g kg Ϫ1 , the wind direction shifted from 220°to 320°, and wind speed decreased from 9 to 5 m s
. Virtual temperature (T ) exhibited several oscillations of about 1 K prior to and during the CBL passage. A net increase of 1 K was recorded across the boundary zone from the moist to dry air mass. Observational studies and modeled drylines exhibit a cross-dryline variation in T of 1 to 2 K, decreasing toward the moist BL (Parsons et al. 1991; Ziegler and Hane 1993; Ziegler et al. 1995; Ziegler and Rasmussen 1998) . All parameters exhibit an oscillatory pattern within the boundary zone, indicative of the three-dimensional structure of large turbulent eddies suggested in the Z patterns of Fig. 3 (most likely cellular convection; see Weckwerth et al. 1999 ) that were superimposed on the CBZ updrafts (see Murphey et al. 2006) .
Two sustained updrafts (updraft 1 and updraft 2) were measured within the CBZ (Figs. 4b and 6e ). Both updrafts were clearly more significant than shorterlived, weaker updrafts associated with CBL eddies prior to 2030 UTC. Updraft 1 (2037-2044 UTC) was more prolonged and was associated with 1 g kg Ϫ1 oscillations in surface mixing ratio and corresponding wind speed/direction changes (Figs. 6a,b) . Scattered Cu clouds were associated with updraft 1, but PW from the MPR displayed a reduction from values east of the CBZ at 2025 UTC (Fig. 6d) . We believe this is most likely due to the water vapor measurement from the MPR occurring prior to the arrival of this updraft. Updraft 2 was associated with enhancements in PW, which increased by 10% from 30.4 mm at 2039 (close to updraft 1) to 33.8 mm at 2053 UTC (Fig. 6d) . The MPR sounding (Fig. 7) within updraft 2 shows an increase in mixing ratio from just above the surface to about 400 hPa and is consistent with the 2129 UTC dropsonde sounding within the CBZ 36 min later. Updraft 2 was associated with a well-defined surface wind shift (accompanied by dust devils), and more vigorous, growing 1 The 915-MHz profiler is sensitive to Rayleigh scatter from insects, as well as Bragg scatter from refractive index irregularities at scales of one-half the radar wavelength (ϳ16 cm).
2 An enhancement in SNR is most sensitive to large vertical gradients in water vapor, and secondarily to temperature inversions (Angevine et al. 1993; Rogers et al. 1993; Grimsdell and Angevine 1998, 2002; Cohn and Angevine 2000) . In this case, dropsonde data indicate large humidity gradients at the top of the ABL. Thus, the CBL top is below the maximum in SNR.
Cu clouds that immediately preceded CI. Reductions in solar radiation were more substantial in advance of updraft 2 (Fig. 6c) , indicating that more extensive and vigorous cumulus clouds had formed. At the time of this reduction (2045 UTC, or 1620 local solar time) the solar altitude was about 35°, and the pyranometer would have been shaded by clouds located about 5-6 km to the west. Murphey et al. (2006) found that updrafts were associated with misocyclones within the CBZ. ) from the MPR. The star depicts the estimated cloud base from the radiometer. Note that MPR data were not available prior to and after this time period.
b. Details of the vertical motion within the boundary zone
Figure 8 presents vertical profiles of Doppler velocity (W ) and SNR (both at zenith) within the core regions of updrafts 1 and 2. Although both updrafts show a monotonic increase in W to peak values of 5-6 m s Ϫ1 at 1.0 and 1.6 km, respectively, appreciable structure is apparent in both updraft profiles. Assuming an incompressible atmosphere, the horizontal convergence implied by the average vertical gradient in W (below the maximum in W ), ⌬W/⌬z, is 6 ϫ 10 Ϫ3 and 4 ϫ 10 Ϫ3 s
Ϫ1
at 2040 and 2054 UTC, respectively. SNR values exhibit a primary maximum below 500 m, and a distinct secondary maxima at 3.3 and 3.5 km AGL, the latter likely produced by Bragg scattering associated with sharp mixing ratio gradients at the CBL top, consistent with the dropsonde measurements (not shown). Both updrafts extended to about 2 km, well below the measured cloud-base height and CBL top of 3.3-3.5 km. At 2054 UTC a secondary W maximum within a weak signal is apparent near 3 km. The LCL of surface parcels was about 3.4 km, close to the measured cloud-base height and CBL top. Based on these data, we note that CI occurred when the CBL (mixed layer) extended to the LCL height of surface-based air parcels, in the presence of CBZ forcing (updraft) .
Doppler spectra from selected heights and times (2039 ( , 2040 ( , 2053 ( and 2054 5 km) . Although most spectra assume a Gaussian shape, some exhibit a skewed distribution. Updraft 1 was stronger below 0.5 km AGL, but was weaker at higher altitudes. Updraft 2 was associated with a PW enhancement, and was more pronounced at higher altitudes with about a 3 m s Ϫ1 mean vertical velocity.
18 June 2002 retrograding dryline
Ground-based systems deployed three times on 18 June 2002 to monitor a retrograding dryline over southwest Kansas. During the final deployment, the MIPS sampled (i) the dry (northwest) side of the retrograding dryline, (ii) the CBZ passage at 2248 UTC, and (iii) the more stable, moist air mass behind the CBZ. Figure 9 displays the DOW2 radar fine line patterns at 2245 and 2312 UTC. The CBZ motion vector was northwestward at about 9.5 m s
Ϫ1
. Two convective cells, cell 1 (30 km north of the MIPS) and cell 2 (13 km northwest of the MIPS), intensified shortly after the CBZ intersected their location. The intensification of cell 1 occurred within a preexisting cumulus cloud field shown in the background of Fig. 1 .
a. Boundary layer kinematics
Large eddies in the form of horizontal convective rolls (HCRs) were well formed in the ABL both ahead and behind the boundary. These are apparent as slightly wavy lines of enhanced Z, oriented northsouth, in Fig. 10 . The 915-MHz profiler measurements (Figs. 11a,b) indicate a turbulent CBL about 3 km deep between 2200 and 2240 UTC. Updrafts associated with HCRs, including one with a significant SNR enhancement at 2238 UTC, were sampled at rather regular intervals (10-15 min) prior to the CBZ passage. At 2245 UTC, the CBZ updraft is clearly portrayed in the 915-MHz SNR and W measurements. The primary updraft was located at the leading edge of the enhanced 915-MHz SNR and X-band radar fine line signatures (Fig.  10a) . The CBZ updraft exhibited a maximum value of 4 m s Ϫ1 near 1.2 km AGL and extended upward to near 3 km AGL. Doppler spectra (not shown) indicate maximum updraft amplitude of about 5 m s Ϫ1 . The updraft duration was limited to 3 min due to the fast CBZ movement. The 3-min updraft duration implies an up- draft width of about 1.7 km, assuming a CBZ movement speed of 9.5 m s
Ϫ1
. A prolonged downdraft of 1-2 m s Ϫ1 magnitude immediately followed the CBZ updraft, and persisted for about 7 min below 1.5 km. Thereafter, the W field below 1.5 km AGL (within the stable air) remained rather benign.
Changes in surface thermodynamics were measured about 3 min after the updraft appearance. A very rapid increase in mixing ratio (8 to 12 g kg Ϫ1 ), and a (less) rapid decrease in virtual temperature at 2247 UTC are depicted in Figs. 12a,b. These changes were accompanied by a 5 m s Ϫ1 increase in wind speed, but only a small change in wind direction. The total decrease in T of about 5°C over a 15-min time interval stabilized the ABL, which is readily apparent in the relatively quies- cent W field (Figs. 11b, 12e ) after 2300 UTC (which is somewhat surprising in view of the presence of HCRs). Cloud shading (as indicated by a significant reduction in solar radiation; Fig. 12c ) from a small, high-based Cb immediately west of the MIPS contributed to the surface cooling and stabilization. In this case, the updraft occurred on the dry-air side of the CBZ and was lifted from near surface up to 2 km AGL. Although the LCL of surface air (see Fig. 14) decreased from 3.6 km in the warm, dry air to 2.4 km in the cooler, moister air, updrafts formed in the drier air mass. High cloud bases were noted (visually) below the developing convective clouds in the dry air mass.
Vertical profiles of horizontal wind (1 min) derived from the 915-MHz profiler portray a small change in wind direction, but a marked increase in wind speed below 1 km (Fig. 13 ) during boundary passage. The wind speed increased to 17-20 m s Ϫ1 over the lowest 1 km after the CBZ passage. Surface winds (Fig. 12b ) also gusted to 18 m s Ϫ1 during this time. Wind direction and speed variations within the 2230-2245 UTC period correspond to HCRs (in advance of the CBZ) whose updrafts are recorded in Figs. 11b and 12e. 
b. Thermodynamic characteristics
When compared to the 19 June dryline, the thermodynamic contrast at the surface in this case was certainly more substantial. The MPR time-height section ( Fig. 11c) indicates that the most significant water vapor enhancement remained below 1 km AGL. The PW increased by 25% from 28 to 35 mm in the first sounding after CBZ passage (Fig. 12d) . The MPR acquired only one observation within the dry CBL, as the first sounding (colored with black in Fig. 11d ) was acquired before complete radiometer warm up. The 2237 UTC MPR sounding prior to the arrival of the CBZ (dashed lines in Fig. 14) indicates T and T d of 38°and 10°C, respectively, at the surface, and a superadiabatic profile at low levels. The sounding immediately after the CBZ passage at 2252 UTC (long-dashed lines in Fig. 14) shows cooling confined to the lowest 2.0 km, and significant moistening up to 600 hPa (3 km AGL), which is consistent with the 3-km-deep updraft. The MPR sounding at 2306 UTC (solid lines) reveals similar cool, moist surface conditions, but warming and drying from just above the surface to about 670 hPa. This is physically consistent with prolonged subsidence after CBZ passage, portrayed in Fig. 11b . The ceilometer detected enhanced backscatter associated with the arrival of cool air behind the CBZ near 2248 UTC (Fig. 11d) , coincident with the moistening and cooling at the surface. Clouds were not detected, nor were they observed visually at zenith during boundary passage over the MIPS. (However, an existing precipitating convective cloud did cast a shadow over the MIPS.) This enhancement in return signal persisted in the lowest 1.5 km (the approximate depth of the cool air) between 2248 and 2320 UTC, with greatest increase during the period of downdrafts behind the CBZ between 2248 and 2300 UTC. As indicated in Table 2 , CBZ passages are often accompanied by changes in ceilometer backscatter in contrasting air masses. The internal Froude number (Fr, ratio of the inertial force to the force of gravity) is used to determine dynamical similarity to density currents (Wakimoto 1982; Kingsmill and Crook 2003; Parsons et al. 1991; Atkins et al. 1998 ). For a sample of 10 gust fronts and seebreeze fronts, Kingsmill and Crook (2003) found that Fr varied between 0.7 and 1.4, and 0.5 and 1.0, for gust fronts and see breeze fronts, respectively. Herein, to compute the Fr, we adopted the same procedure that Kingsmill and Crook (2003) used. Cold and moist flow in Fig. 11c is confined from surface to about 500 m AGL. Average virtual potential temperatures acquired from MPR within the 500-m depth of the ambient air (west) and air behind (east) the retrograding dryline, and dryline propagation speed of 9.5 m s Ϫ1 yield a Fr of 0.6. This value is close to the lower limit of Fr range for the sea-breeze fronts (Kingsmill and Crook 2003) .
24 May 2002 shallow cold front
A convective initiation mission was conducted in the vicinity of a cold front, a dryline, and their triple point located over the Texas panhandle on 24 May 2002 . A detailed mesoscale analysis of this event is presented in Wakimoto et al. (2006) . Boundary locations and radar fine line measurements (Fig. 15 ) from the DOW radar indicate a southeastward propagation of the cold front and a slow eastward advance of the dryline. The triple point intersection progressed rapidly southward because of the faster movement speed of the cold front. The MIPS observations captured only the cold-frontal passage and the evolution of the cloud-topped CBL prior to the cold-frontal passage. Convection initiation occurred after 2000 UTC greater than 50 km to the south and east of the MIPS. Wakimoto et al. (2006) and Geerts et al. (2006) ( Fig. 17a) within the dryline boundary zone (the region where DOW X-band radar indicated rather diffuse localized high-reflectivity factors; not shown), and 7 km northwest of the MIPS (see Fig. 15a for location) , shows a well-mixed CBL with a 2.2-km depth. This sounding exhibits a sharp gradient in mixing ratio centered near 2.4 km AGL. The peak in 915 SNR at 2.3 km corresponds to the level of this gradient. The CBL is marked by variability in wind speed and direction (Fig.  18) , while more uniform flow and greater shear is located above CBL top (2 km), in agreement with the 1920 UTC sounding (Fig. 17a) .
The ceilometer backscatter (Fig. 16c) indicates that cumulus clouds were common between 1820 and 2000 UTC. Cumulus bases increased from 1.5 km at 1825 UTC to 2.0 km at 1955 UTC. An increase in surface temperature and a slight decrease in mixing ratio from 1840 to 1950 UTC increased the LCL of surface-based air parcels from 1.8 to 2.2 km over this same time period. Figure 16a includes a plot of ceilometer cloud base (black dots) superimposed on the 915 SNR. We note that minimum cloud-base height was several hundred meters below the top of enhanced SNR, which defines the CBL top. Since minimum cloud-base heights were lower than the CBL top, we infer that these clouds were positively buoyant. The 915-MHz SNR shows evidence of individual Cu clouds as upward bulges of minimum detectable SNR. The estimated cloud depth (determined from the difference in maximum height of detectable SNR and minimum cloud-base height) increased from about 500 m at 1825 UTC to 800-900 m at 1950 UTC. The combined information in Fig. 16a suggests that the Cu clouds tilted downshear (consistent with the wind profile in Figs. 16a and 17) , and exhibited radar analysis in Wakimoto et al. (2006, their Fig. 4) . Precipitable water was enhanced by only 1 mm (ϳ4%) during the CBZ passage, which compares to 10% for 19 June and 25% for 18 June. Since the updrafts were confined to the CBL, where water vapor mixing ratio was well mixed, a significant enhancement in PW would not be expected even for a prolonged updraft that does not extend above the CBL top.
b. Cold-front characteristics
The cold-front boundary was relatively straight along its leading edge within 6 km of the MIPS. Bulges formed at other locations and times, for example, southwest of the MIPS during time of passage (Fig. 15) , and also 18 min later southeast of the MIPS. Reflectivity factor values were largest near the CBZ leading edge, tapering to background values within 6 km behind the leading edge.
A distinct surface wind shift and wind speed increase (Fig. 19b) accompanied the frontal passage. Southerly flow of about 4 m s Ϫ1 veered to 8 m s Ϫ1 northerly flow after the frontal passage. Both the wind direction and wind speed changes started at 2003 UTC, about 2 min before surface thermodynamic changes. A corresponding 0.2-hPa jump in surface pressure (not shown) was measured at the time of the updraft and is consistent with a dynamically induced pressure increase similar to that observed ahead of gust fronts by Wakimoto (1982) . The magnitude of the wind vector change across the CBZ was relatively large, about 11 m s
Ϫ1
. Assuming a CBZ movement speed of 5 m s
, the 5-min wind shift period corresponds to a CBZ width of about 1.5 km and an implied mean convergence of about 7 ϫ 10 Ϫ3 s Ϫ1 . During the wind shift period, virtual temperature and mixing ratio changed by Ϫ3°C and ϩ1.3 g kg Ϫ1 , respectively (Fig. 19a) . As in the previous cases, the mixing ratio change was more rapid than the T change. A significant increase in ceilometer backscatter over the lowest 800 m coincided with arrival of the cool, moist air behind the cold front (Fig. 16c) . The 2054 UTC M-GLASS postfrontal sounding (Fig. 17b) indicates that the depth of cold air behind the front was rather shallow at about 800 m.
A careful analysis of the 915-MHz profiler horizontal winds (Fig. 18) indicates that the deepest part of the cold front was the "head" structure, extending to about 1.1 km at 2010 UTC. Thereafter, the depth of the cool northerly flow decreased to 800 m by 2030 UTC, a value that is corroborated by enhanced ceilometer backscatter and enhanced 915-MHz SNR over this layer (Figs. 16a,c) and the postfrontal sounding in Fig.  17b . Figure 18 shows southerly ground-relative airflow with speed of about 8 m s Ϫ1 prior to the cold front. This translates Ϫ4.2 m s Ϫ1 flow perpendicular to the front. For a boundary propagation speed of 5 m s
, a frontal depth of 700 m and a virtual potential temperature reduction of 2 K yield a Fr of 1.4. This value corresponds to the upper limit of observed F r for gust fronts (Kingsmill and Crook 2003) .
The updraft (temporal) structure shown in Fig. 16b ward the cool air behind the boundary, a property not observed in the previous two dryline cases. Such a tilt is consistent with the Rotunno-Klemp-Weisman (RKW) theory (Rotunno et al. 1988; Weisman and Rotunno 2004) , which predicts a tilt toward the cool air mass when weak shear exists. The updraft was surface rooted with magnitude of 2 m s Ϫ1 at the 120-m AGL level at 2003 UTC. The cold-frontal updraft, notably different in structure from earlier CBL eddy updrafts, extended upward to about 2 km AGL by 2007 UTC.
Weak downdraft pockets were measured below 1 km, one immediately following the low-level coldfrontal updraft. The W time series at 0.67 km (Fig. 19e) shows the primary CBZ updraft followed by three Ϯ1-2 m s Ϫ1 oscillations in W with a 6-7-min period. The vertical gradient of potential temperature, ⌬/⌬z, associated with a Brunt-Väisälä frequency corresponding to this period is approximately 1 K (100 m)
Ϫ1 . The center height of these oscillations is close to the 700-m height of the frontal inversion, where such a gradient appears to exist.
Profiles of W and SNR within the updraft are presented in Fig . Gray-shaded region depicts the intersection zone between the ambient and cold air.
the SNR maximum at 2.5 km. However, at 2006 UTC, the updraft appeared to extend to near 3 km, within cloud that had a base near 2 km and a top near 3 km. The Doppler spectrum at 0.7 km (Fig. 20c) suggests peak (turbulent) updraft speeds as high as 6-7 m s Ϫ1 at 0.67 km AGL.
c. Absence of CI
With regard to CI, this was a null case, even though Cu clouds with depths of 800-900 m existed in the vicinity of the MIPS. The ground-based observations yield three important clues that may explain the absence of CI:
(i) The weak inversion at the top of the CBL (Fig.  17a ) reduced parcel buoyancy. (ii) Significant vertical shear existed within the cloud layer at the CBL top (Fig. 18) . Cloud modeling studies (Cotton and Tripoli 1978; Reuter and Yau 1987) have shown that vertical shear increases entrainment, which would have further reduced parcel buoyancy. (iii) The front was shallow, having a maximum depth that was about one-half the CBL depth.
It seems plausible that all three factors contributed to the conditions that proved adverse to CI. The observations suggest that the atmosphere above the CBL and CBZ was not modified (moistened) as in the 19 June case.
Summary and conclusions
a. General summary
During IHOP, the MIPS sampled the kinematic and thermodynamic properties of various convergent boundary zones (CBZs), including two cold fronts, two drylines, one vigorous gust front, and a hybrid gust front/bore, at high vertical and temporal resolution. Boundary layer properties in close proximity to other CBZs were also measured. The measurements revealed the following general properties:
• Updrafts for all boundaries varied from 3 to 8 m s
Ϫ1
, with the maximum 8 m s Ϫ1 measured in a vigorous gust front.
• For the CBZs sampled within a convective boundary layer, the updraft magnitude and duration was about a factor of 2 greater than updrafts associated with boundary layer eddies.
• Enhanced Z (associated with the radar fine line) detected by the 915-MHz profiler was found to be much wider than the updraft, by about a factor of 5.
• CBZ updraft widths and depths were generally 1-2 and 2-3 km (close to the CBL depth), respectively. • A local maximum in CBL depth usually accompanied the slower-moving CBZs.
• An enhancement in integrated water vapor was generally, but not always, associated with updrafts within the CBZ.
• Strong signals in ceilometer backscatter were usually associated with cool, moist air behind CBZs that exhibited gravity current characteristics.
b. Significant findings from detailed analyses of three CBZs
On 19 June, measurements of a slow-moving (3 m s Ϫ1 ) dryline were acquired. During its passage over the MIPS, two main updrafts were sampled and significant variations in all surface parameters during the 30-min period were recorded. The net changes in surface parameters across the CBZ included an increase in T of 1 K, a 2 g kg Ϫ1 reduction in mixing ratio, and a 100°v eering in wind direction. The first updraft had maximum 5 m s Ϫ1 amplitude, but was relatively shallow at 2 km. The summit of the first updraft remained 1 km below the CBL top; hence, it was not associated with water vapor enhancements. The second updraft (6 m s Ϫ1 ) was measured closer to growing Cu clouds exhibiting a deeper circulation, and a more significant (25%) PW enhancement. The maximum CBL height of 3.5 km AGL was measured within the CBZ. In this case, CI occurred when the CBL (mixed layer) extended to the surface LCL, in the presence of CBZ forcing (updraft) and water vapor enhancements within and above the CBL.
On 18 June, a retrograding dryline exhibited a peak updraft value of 4 m s Ϫ1 and a depth of 3 km, comparable to the CBL depth. Strongest winds of 15-20 m s
Ϫ1
were measured within the ABL, below 1 km, on the cool side of the CBZ. Hence, horizontal convective rolls were common in the CBL. At the surface, T decreased by 1.5 K, and r v increased very quickly by 4 g kg Ϫ1 as the retrograding dryline passed over. Thermodynamic characteristics derived from MPR, combined with the surface measurements, indicate that the dryline resembled a density current with an elevated head and an equilibrium depth of about 1 km (Charba 1974; Wakimoto 1982; Droegemeier and Wilhelmson 1987; May 1999) . Calculated internal Froude number is found to be close to F r numbers of sea-breeze fronts. The PW enhancement in this case was about 10% within/near the CBZ updraft.
On 24 May, measurements of a shallow cold front revealed sharp changes in surface properties: a change in magnitude of the wind vector of about 8 m s
, a decrease in T of Ϫ3 K, and an increase in r of ϩ1.5 g kg
. The updraft exhibited a depth of about 2 km, a notable slope toward the cool air, and a peak magnitude of 4 m s Ϫ1 near 700 m (the top of the front). The leading edge of the front exhibited a well-defined head near 1.2 km AGL, and was capped by a sharp temperature inversion, located near 700 m AGL behind the surface front. Strong convergence of 16 ϫ 10 Ϫ3 s Ϫ1 near the 400 m AGL level was associated with a distinct frontal surface. This cold front also exhibited a close resemblance to a gravity current structure with Froude number of 1.4.
In this case, the absence of CI close to the MIPS location could be explained by a combination of three factors:
• A weak inversion existed at CBL top (but was not impermeable to parcels ascending from below). • Significant vertical shear was located above the CBL.
• The shallow nature of the front (Ͻ1 km deep) limited the updraft depth, and hence the depth of water vapor enhancement.
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